Hot embossing throughput is a key issue, which has been addressed in this paper. We show how it is possible to remove the mold from the imprinted resist at the imprint temperature. We study reflow behavior of imprinted patterns, and make a cooling and quenching simulation. This work can lead to design of cooling tools adapted to a given application, and suits as well for the full wafer imprint, as well for the roll imprint.
INTRODUCTION
The resolution improvement is the main point of interest of the lithography roadmap [1] . Optical lithography is limited by the Raleigh criterion. Different planed solutions to improve the ultimate resolutions are so challenging to implement [2] [3] , that new ways of patterning resist called next generation lithographies (NGL) [4] have emerged. Among them, the nanoimprint lithography (NIL) appeared as the most promising technique in term of resolution [5] . This also appears as the most innovative one [6] . It has been demonstrated that the resolution issue was fixed with the NIL technique, since the limitation comes only from the mold fabrication, and not from the replication process itself [5] . But the resolution is only one of the key parameters of the lithography process; many others are required to allow an industrial use. For instance, electron beam lithography reaches very low dimension [7] , but remains a very slow technique. From a manufacturing point of view, considering equipment costs and production rates, the process cycle times should be as short as possible. It is also desirable to improve mold durability by getting the smoothest possible temperature cycle. In this paper, we will show how it is possible to greatly improve the hot embossing process throughput in lowering thermal cycle amplitude. By considering which part of the thermal cycle is useful for the printing, and which one is not; we performed a study on resist behavior in order to suppress useless steps.
Experimental

Concept of hot demolding
This paper will only focus on the thermal imprint process, also called hot embossing lithography. The usual process, as defined by Chou [4] in 1995, includes three main thermal steps ( fig. 1) . First, the mold, the substrate and the spin coated resist film are heated above the glass transition temperature of the resist (Tg). The resist then becomes a viscous material, and a pressure is applied on the back side of the mold. The imprint stack then stays at this temperature during the whole imprint step: the patterns are replicated in the liquid polymer. Finally, the imprint stack is cool down below T g and the resist becomes elastic again. The pressure is then released and the patterns remain in the cold resist. To understand how this thermal cycle can be shortened, two points have been highlighted. First, it is noticeable that from a cost-effectiveness point of view, the embossing time (figure 1) should be the shortest as possible. Subsequently, steps where mold is not really used to print (i.e. cooling time to reach temperature below T g ) should be avoided. Actually, from the patterning point of view, the only useful part of the process is the printing time, i.e. contact time between the mold and the resist. Then, the heating and cooling times are useless in series in the process. Secondly, it is important to perform imprints at a temperature above the glass transition temperature of the resist. Indeed, the stresses in the material are significantly reduced by avoiding elastoplastic behavior of the polymer, which increases the life time of the mold. But, in order to keep the resist patterns, they have to be frozen. However, even at the melt state, the evolution time of the resist is the result of a competition between the surface tension which tends to flatten the film surface, and the viscosity of the film which slows this flattening down. So, if the reflowing of the resist patterns is slow enough to allow a hot demolding, demolding at imprint temperature would be possible (figure 2). We will show in this paper under which conditions it is possible to perform a demolding at imprint temperature and what it implies for the imprint tool conception.
Experimental set up
In order to characterize the resist reflow after imprint, we proposed an experimental scheme. First, an usual nanoimprint step is performed ( figure 3-1) . In order to observe the time evolution of the resist reflow, patterns were annealed during several time steps (figure 3-2), and then quenched below T g . Those experiments are performed on small samples (2x20mm 2 ), which ensures a very low thermal inertia. Consequently, both heating and quenching times are very short compared with the annealing time (below 1 second).
Figure 3-2.
By annealing samples for different times, it is possible to access to the time evolution of reflowing patterns.
Metrology
The initial resist features are 250 nm isodense lines, 180nm high, with sidewall angle larger than 85°. In order to observe the resist patterns reflow above Tg in great details, measurements are performed on frozen resist samples at ambient temperature (20 °C). The pattern shapes were measured with an Atomic Force Microscopy set-up. Accurate measurements of the reflowing shape may be tricky, even if the measurement is performed onto the frozen states. Indeed, for slight resist reflowing (small baking times) the patterns were still vertical with side-wall angles larger than 70°. Standard conic shape AFM tips were therefore inappropriate for such characterizations. For small annealing times flared shape tips onto Veeco Dimension X3D AFM were then used. Such tips can access re-entrant patterns but not acute angles. Thus, the first stages of the reflow is measured with flared tips (figure 4-1), whereas the last stages are measured with conic tips (figure 4-2). Consequently, we could access to accurate measurements of the whole evolution of a reflowing grating as a function of time. We verify that at the two measurements mode are compatible at the boundary (edge angle from 70° to 60°). Those measurements have been performed on the same resist for 4 different temperatures: 80 °C, 90 °C, 100 °C and 110 °C. That is to say from 20 °C to 50 °C above the glass transition temperature of the mr-I 7000E resist. Figure 4-2. By using the same AFM equipment in standard tapping mode with conic tips, it is possible to access smoother shapes in the same experimental conditions.
Results and analysis
Experimental results
A quantitative characterization of the resist pattern reflow requires defining a process window for a moldsubstrate demolding at a printing temperature higher than the glass transition temperature. In this paper, we will look at the pattern height, edge angles, and top rounding modifications with respect to the annealing time for four different temperatures. Figure 5-1 shows the cross sectional profile evolution for an annealing time varying from 1 second to 500 seconds, at 80 °C, i.e. Tg +20 °C. Flared tip was used as long as the sidewall angle was larger than 77°. Then, for smother profiles -i.e. annealing time longer than 100 seconds-conic tips are sharp enough to explore the bottom of the trenches. When increasing the annealing time, the cross-sectional profiles become more rounded and patterns height decreases. This resist flow is clearly related to the surface free energy which tends to minimize the interfacial surface between resist and air. Similarly to a time evolution at a constant annealing temperature; it is possible to plot patterns evolution with respect to temperature, at constant annealing time (30 s) as shown in figure 5-2. It is obvious that demolding at imprint temperature leads to a lost of pattern quality. Subsequently, three geometrical parameters will be studied: the pattern heights, the edge angle, and the radius of top rounding. Another point of interest of the following work is to investigate the similarity between time and temperature evolution that figures 5-1 and 5-2 suggest.
Geometrical analysis
In this section, the evolutions of three geometrical parameters are investigated. The figure 6-1 shows the time evolution of the dimensionless height of patterns. This dimensionless number is a ratio between pattern height during the reflow and pattern initial height. The exponential trends are suggested by logarithmic scale shows for all curves. Moreover the correlation coefficients between experimental data and exponential trends (higher than 0.98) confirm this assessment. Every curve can be fitted with ( ) ( )
where H is the evolution of pattern height and H 0 the initial height, t and T the time and temperature parameters, and τ H a characteristic time, which is temperature dependant, and characterizes time evolution of height. We can notice that slope of the curve (~ τ H -1 in a logarithmic chart) increases with the temperature. This corresponds to the well-known decreasing of polymer viscosity with temperature increasing. Time and temperature influence on the edge angle and top rounding behaviors has been investigated similarly to the feature height. However, top rounding radius has not been estimated at 80 °C, because the pattern corners are too sharp. The identified trends are identical to the height trend. Exponential trends fit with the experimental data as well for the edge angle (figure 6-2) as for the top rounding radius ( figure 6-3) . Characteristic times τ A¸( angle) and τ R (top rounding) have been computed. It has been shown that knowing of the temperature dependant characteristic time (τ H , τ R , and τ A ) is enough to fully describe the time evolution of the three studied geometrical parameters with respect to the time at any temperature. The dimensionless parameters are strictly describes by exponential law with high correlation coefficients. It seems obvious that for every temperature (figure 7), the three measured parameters have the same trends. By comparing those evolutions, it appears that is it possible to define an only characteristic time τ. It has been computed that in the studied case, a power-law trend fits with the data with a correlation coefficient of 0.9998. Then, we define a global characteristic time, that is a function of the temperature: τ = K 0 . (T-Tg) -n , with K 0 = 6.72.10 8 K n .s, and n = 4.317. Comparison between the three geometrical characteristic times. Their trends are similar and an average characteristic time describing faithfully the whole reflowing shape can be defined.
Demolding optimization prospect
In this part, we will show how the previous results can be used to design a quenching tool. Indeed, the imprinted substrate cooling down is a compromise between the fastest one providing high quality imprint, and the slowest one which prevents from thermal stresses. Moreover, the quenching ability of the tool has to be adapted to the imprint (and so, demolding) temperature. The characteristic time describing the whole shape of the grating at all the temperatures enables us to optimize the hot demolding. Indeed, since every quality parameter of the reflowing geometry decreases with an exponential law, we are now able to determine the optimal speed of the imprint cooling down. That is to say that after an imprint at a given temperature, it is possible to calculate the slope temperature which needs to be applied to the substrate to reach a given quality of the imprinted feature.
First, we define at constant temperature the following quality factor: ( ) ( )
. This is describing the time evolution of patterns height during an isothermal annealing. In order to determine the evolution of the patterns during a cooling, we have to integrate the instantaneous lost of quality
on another thermal way that the isothermal one. By interpolation and numerical integration we can calculate ( ) ( )
. But, this implies to know (or to choose) the cooling law, that is to say the time dependency of the temperature (soft cooling, or quenching for instance). Then, we finally calculate
, and this allows us to compare influence either of cooling rate, or cooling law, or even of the demolding temperature.
The ability to keep patterns good quality as a function either of the demolding temperature, or of the temperature slope, will be investigated. The imprinted substrate is supposed to be cooled down at a controlled rate from a given imprint temperature. This well-controlled and relatively slow cooling enables us to avoid thermal shock. By choosing either a low imprint temperature, or a quick cooling, it enables us to get good results (figure 8). Then, in order to get an optimal process window, or to design an imprint tool, it is useful to know the cooling rate influence on the final pattern quality. The minimum cooling slope needed to get a quality pattern from 90% to 99% during 20 s cooling step has been computed for imprint temperature from 90 °C to 110 °C (figure 9.1). Even if the smoothest temperature transition is requested, we compared those results to a sudden quenching: for instance, the contact with a large, room-temperature, metallic plate. This kind of quench is modeled by an exponential decreasing of the substrate temperature down to the room temperature in 20 s. The free computed parameter is the initial slope of the quench (figure 9.2). This parameter could be linked to the mass of the plate, or to the calorific capacity of the chosen material. This study finally exhibits that by designing a quenching tool cooling down a substrate at 6 °C/s, this is possible to keep 98% of the initial perfect shape after an imprint and a demolding at 100 °C.
Conclusion
The investigation work leading to the design of a high throughput imprint tool has been done for the mr-I 7000E resist, from micro resist technology. But carry out a demolding at imprint temperature may imply a loss of pattern quality. We demonstrated that the control of the cooling of an imprint enable as to control precisely patterns dimensions, as to design a suitable cooling tool. Although reducing resist dynamic viscosity is known as the best way to improve imprint time, we showed that decreasing reflowing velocity will improve pattern shape, when demolding is performed at temperature above Tg. Our results clearly highlighted interests for tailor-made resists with very low surface free energy, for imprint throughput improvement. Moreover, theoretical works are underway to clearly describe the resist reflow and identify the role of polymer viscosity and surface free energy.
